A naturally occurring mutation in follicle-stimulating hormone receptor (
INTRODUCTION
Follicle-stimulating hormone (FSH) stimulates follicle growth and development in ovaries and is critical for maximal mature spermatozoa production [1, 2] . The FSH receptor (FSHR) is a G protein-coupled receptor (GPCR) expressed in ovarian granulosa cells and testicular Sertoli cells [3, 4] . Upon FSH binding, FSHR signaling is mediated by the downstream effector Ga s , which activates adenylyl cyclase, resulting in increased cAMP levels [5] [6] [7] [8] . Comparison of the crystal structures of resting and activated GPCRs demonstrated that agonist binding activates the receptor through conformational changes in the transmembrane regions 5 and 6, causing a shift in intracellular loops 2 and 3 (iL2 and iL3) and subsequent activation and dissociation of Ga s [9] . We have demonstrated that iL2 is a critical component of FSH-induced cAMP production [10] . It was therefore of great interest to determine what role iL3 played in this process.
Classically, two mechanisms underlie signaling control: desensitization, whereby signal is dampened, potentially through phosphorylation of receptor intracellular domains by GPCR kinases (GRKs), and internalization-mediated downregulation, whereby the net number of receptors in the plasma membrane is reduced, resulting in a balance between recycling and degradation [11] [12] [13] [14] . Phosphorylation of the FSHR iL1 and iL3 has been shown to enhance internalization [15] . Phosphorylation by GRKs and subsequent arrestin binding are involved in receptor recycling or degradation [16] . Termination of FSHR signaling is mediated in part by the nonvisual arrestins, arrestin-2 and arrestin-3 [17] . Arrestin association has been mapped to iL1 and iL3 on FSHR [18] , and deglycosylated gonadotropin exhibits biased signaling at the FSHR due to arrestin-mediated differential activation of ERK [19] . In addition, processes such as ubiquitination play a role in receptor trafficking, and it is noteworthy that FSHR iL3 interacts with ubiquitin isoforms [20] . The GPCRs follow divergent postendocytic pathways such that nuanced trafficking and signaling are anticipated. For example, recycling observed for the b-adrenergic receptor [21, 22] is rapid, resuming position on the cell membrane in minutes. In contrast, the delta opioid receptor [23] and the V2 vasopressin receptor [24] are slowly recycled following distinct clathrin-coated-pitmediated internalization pathways. The postendocytic degradation and recycling pathways of FSH are lysosomal because lysosomotropic reagents have been found to inhibit FSH degradation in primary cultures of rat Sertoli cells [25, 26] . Yet other studies have demonstrated that in HEK293 cells expressing human FSHR (hFSHR), the majority of the internalized hFSH-hFSHR complex is trafficked to endosomes and subsequently recycled back to the surface, where bound hormone is then dissociated [27] .
The hFSHR harbors a predicted protein kinase CK2 consensus site on iL3 at 547 S-S-S-D 550 ( 564 S-S-S-D 567 when the 17-nucleotide leader sequence is included). The negatively charged aspartic acid in this site (D6.30 567 ) has previously been identified as a naturally occurring mutation (D567G) in a male who presented with normal spermatogenesis despite his lack of pituitary gland, and therefore no gonadotropin [28] . Additional studies have demonstrated spermatogenesis in hypogonadal mice harboring a transgene of FSHR with this mutation [29] . Apart from the physiological significance of this residue, further interest was stimulated not only because CK2 phosphorylates proteins involved in clathrin-mediated endocytosis, such as arrestin-3 [30] , AP-2, and clathrin [31] , but also because CK2 interaction with FSHR has been demonstrated [32] , and CK2 interacts with a consensus site on the third loop of another GPCR, the muscarinic receptor [33] . In addition, CK2 was shown to negatively regulate Ga s signaling, and inhibition of CK2 resulted in decreased surface receptor internalization in D1 and adenosine A2A receptors, suggesting a linking of the CK2 consensus site with trafficking [34] . Thus, given that CK2 is enriched in clathrin-coated vesicles [35] , and that it plays a role in endosome-lysosome shuttling, and given also that FSHR iL3 is implicated in internalization [36] , ubiquitination, phosphorylation, and human disease, the present studies sought to determine whether the CK2 consensus site in FSHR iL3 has a role in FSH action. To test the hypothesis that the CK2 consensus site is required for FSHR function, the aspartic acid residue found at position D550 in hFSHR iL3 was changed to alanine (Supplemental Fig. S1 , all Supplemental Data are available online at www. biolreprod.org). This substitution was chosen for two reasons. First, the acidic residue in the CK2 consensus sequence is important for electrostatic interactions with basic residues located on the CK2a catalytic subunit [37] . Second, an alanine mutation removes the negative charge but retains the aliphatic side chain, preventing rotation around the alpha carbon backbone, which could otherwise destabilize the receptor, as may take place in the naturally occurring mutation, D550G.
MATERIALS AND METHODS

Preparation of hFSHR-D550A and hFSHR-D550G
A cDNA clone of hFSHR, generously provided by Ares Advanced Technologies (Randolph, MA) [38] , was recloned into pShuttle-CMV (Agilent Technologies). This plasmid was used as a template for mutagenesis (QuikChange II XL Site Directed Mutagenesis kit; Agilent Technologies).
Cell Culture and Transfection
Human embryonic kidney (HEK) cell line HEK-293T was maintained in Dulbecco modified Eagle medium (DMEM) plus 10% fetal bovine serum and was cultured at 378C, 5% CO 2 . Subconfluent cells were transfected with Lipofectamine 2000 (Invitrogen Corp.) according to the manufacturer's instructions. Cells were incubated for an additional 48 h before experiments were performed.
Radioreceptor Assay
HEK-293T cells (ATTC) transiently transfected with 0.8 lg of plasmid encoding mutant and wild-type (WT) hFSHR in 24-well plates were assayed for 125 I-hFSHR-specific binding at 378C as described previously [39] , with the following modification. For the displacement-binding assay, cells were transfected as documented in that reference except that cells were incubated in the presence of increasing concentrations of unlabeled pituitary hFSH (0-1000 ng) and an excess of 125 I-hFSH for 1 h at 378C in a 5% CO 2 -humidified incubator.
Cyclic AMP Measurement
The 293T cells were transiently transfected with 0.8 lg of plasmid encoding mutant or WT-FSHR in 24-well plates. Forty-eight hours later, cells were preincubated with the phosphodiesterase inhibitor isobutyl-methylxanthine (IBMX; 1 mM) in DMEM for 15 min and were then stimulated with increments of hFSH (0-1000 ng) for 1 h in the presence of IBMX. Total cAMP (lysed cells plus medium) was collected from cells by alternating freezethaw cycles (three times) followed by addition of an equal volume of 100% ethanol, and insoluble material was removed by pelleting in a Eppendorf microcentrifuge at 13 000 rpm for 10 min. Using either a commercially available cAMP antibody (Amersham Corp.) or JAD131, which was developed in-house, cAMP was measured by 125 I-cAMP displacement radioimmunoassay as previously described [40] .
Cell Lysate Preparation and Immunoprecipitation of hFSHR
Cell lysate preparation and immunoprecipitation of hFSHR were performed as previously described [39] . Briefly, 293T cells transiently transfected with either hFSHR-D550A or WT-hFSHR expression plasmids were harvested in 50 mM Tris (pH 7.5) with protease inhibitor cocktail (10 lg/ml) pepstatin A, 10 lg/ml aprotinin, 10 lg/ml leupeptin, 16 lg/ml benzamide, 10 lg/ml 1,10 phenanthrolene, and 1 mM PMSF, homogenized using a Dounce homogenizer, and centrifuged at 13 000 rpm for 10 min at 48C. Pellets were removed, and protein concentrations in the supernatant were determined in a BCA assay (Pierce). The epitope of the anti-hFSHR monoclonal antibody 106.105 used for immunoprecipitation was hFSHR residues 300-315 (317-332 when the 17-nucleotide leader sequence is included) [41] . The specificity control that was used is the same isotype (IgG2b) as the anti-hFSHR antibody and was kindly provided by Dr. Gary Winslow (Wadsworth Center).
Protein Expression Determination by Western Blotting
Detection of hFSHR was carried out with monoclonal antibody 106.105. Rabbit anti-hemagglutinin (HA) tag (Upstate Cell Signaling Solutions) was used to detect CK2a-HA [42] . Five micrograms of protein obtained from supernatants of cellular lysates was heated to 608C for 10 min and loaded on a 7.5% SDS-PAGE gel and electrophoresed, first at 85 V for 30 min, and then at 120 V for 1 h. Proteins in minigels were transferred to Immobilon-P membranes (Millipore) using a semidry transfer apparatus (Bio-Rad). Following transfer, membranes were rinsed in TBST (100 mM Tris-HCl, 0.9% NaCl, 0.5% Tween 20) and blocked in 5% milk-TBST for 1 h (room temp) or overnight (48C). After washing in TBST, membranes were incubated in primary antibody diluted in 5% milk-TBST, either overnight at 48C or for 1 h at room temperature. Membranes were washed again in TBST, then incubated for 1 h at room temperature or overnight at 48C with horseradish peroxidaseconjugated goat anti-mouse secondary antibody (Invitrogen Corp.) diluted in 5% milk-TBST. After a final wash, membranes were visualized with Supersignal West Pico ECL according to the manufacturer's instructions (Pierce), then exposed on x-ray film (Eastman Kodak) to detect fluorescence of the product, or were imaged and quantitated using Image Reader LAS and Image Gauge 4.0 software (Fujifilm). Arbitrary units (AUs) for individual bands and background (BG) were determined, and relative intensities (RIs) of hFSHR-D550A and WT-hFSHR were determined using Prism 
Determination of Internalization, Recycling, and Degradation
Forty-eight hours following transfection (see above), cells were incubated in the presence of excess (300 000 cpm) 125 I-hFSH. After 1 h, 125 I-hFSH was removed, monolayers were washed twice with cold PBS, and surface-bound hormone was eluted in cold isotonic pH 3.0 buffer on ice. In pulse chase experiments, cells were washed twice again with cold PBS to remove unbound radiolabeled hFSH, and medium containing 1 lg of unlabeled hFSH was added to each well. At each time point, medium was removed for trichloroacetic acid (TCA) precipitation. Then cell surface-bound 125 I-hFSH was eluted as above, followed by lysis with 2 N NaOH to determine internalized radiolabeled hFSH. At t ¼ 0, cold hormone was immediately removed, surface-bound 125 I-hFSH was eluted, and cell-associated 125 I-hFSH was released by 2 N NaOH lysis. Cell-associated radioactivity at this time point represents ''initial 125 I-hFSH internalized'' that is used for relative comparisons at later time points. The TCA-soluble radioactivity represents degraded 125 I-hFSH, and TCA insoluble radioactivity represents internalized and recycled 125 I-hFSH. These two values were determined by addition of an equal volume of 20% TCA to medium collected during the second incubation, in which an excess of unlabeled hFSH was present. Insoluble material was removed by centrifugation at 3000 3 g for 30 min. To the pellets was added 10% TCA, and then tubes were spun again, supernatant was removed, and the radioactivity in pellets, supernatants, and washes was determined in a Wallac Gamma counter. The radioactivity determined in the wash supernatant was added to radioactivity determined in the supernatant (TCA-soluble) fractions. The total recycled 125 I-hFSH represents the summation of surface-eluted 125 I-hFSH and TCA-insoluble material at each time point.
In some experiments it was desired to inhibit internalization of radiolabeled FSH. Two approaches were used. In one approach, cells were incubated with 0.45 M sucrose in DMEM, 10% fetal bovine serum for 1 h prior to and during 125 I-hFSH incubation in serum-free DMEM. An additional approach used dominant-negative dynamin expression to inhibit internalization [43] .
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Confocal Microscopy
Single-chain FSH (scFSH) [44] and monoclonal antibody 106.105 were labeled with Alexa 488 and Alexa 555, respectively, according to the manufacturer's instructions (Invitrogen Corp.). HEK-293T cells were transfected with either hFSHR-D550A or WT-hFSHR as described above and were used 48 h later. The cells were incubated with 1 lg of scFSH-Alexa 488 for 1 h at 378C, 5% CO 2 in serum-free medium. Cells were subsequently washed with PBS and fixed with 4% paraformaldehyde for 30 min at room temperature. Cells were washed again with PBS and permeabilized with 0.01% saponin-5% bovine serum albumin for 30 min at room temperature. Human FSHR was detected by incubation with anti-hFSHR monoclonal antibody 106.105-Alexa 555 for either 2 h at room temperature or 48C overnight. Images were collected using a Leica TCS SP5 confocal microscope using an HCX PL APO oil immersion 633 objective with numerical aperture 1.4. The fluorescence intensity of each fluorophore was collected sequentially in separate channels (493-538 nm for Alexa 488 and 560-630 nm for Alexa 555) and merged for analysis using ImageJ software. At least 10 transfected cells each were analyzed for WT and hFSHR-D550A.
RESULTS
Characterization of hFSHR-D550A
Following transfection of HEK-293T cells with either hFSHR-D550A or WT-hFSHR, an equilibrium-binding radioreceptor assay was carried out at 378C with a constant amount of 125 I-hFSH (generally about 300 000 cpm) and increasing doses of unlabeled hFSH (Fig. 1a) . No remarkable differences were noted between the mutant and WT receptor half maximal inhibitory concentration (IC 50 50 ¼ 75.1 ng of hFSH; data not shown). However, at higher doses of unlabeled hFSH, a greater degree of displacement was observed with the mutant than the WT receptor, suggesting a lower level of mutant expression. In order to assess this point, a Western blot analysis was performed.
Western blot analysis of 5 lg of cell lysate protein indicates that the amount of the 85-kDa species of hFSHR-D550A protein (mature) is lower than that of WT-hFSHR protein Whole-cell lysate was collected 48 h later, and 5 lg of total protein was applied per lane on an SDS-PAGE gel. Separated proteins were dry blot transferred to Immobilon-P membranes and probed with monoclonal antibody anti-FSHR (106.105). The relative intensity of individual bands was determined as described in Materials and Methods. The Western blot is representative of a typical transfection, with arrows indicating mature hFSHR and actin. Immature hFSHR comprised smaller molecular weight bands and is indicated as a range in the figure. The histogram depicts the mean and SEM of three replicates per construct, which were quantitated from the same transfection as the Western blot shown on the right. c) Cell surface and cell-associated specifically bound 125 I-hFSH in 293T cells transfected with either hFSHR-D550A, hFSHR-D550G, or WT-hFSHR. Forty-eight hours after transfection, cells were incubated with 125 I-hFSH for 1 h at 378C. Nonspecific binding was determined by including 1 lg of unlabeled hFSH in parallel wells. Specific hFSH binding was assessed by removing free hormone, and surface-bound radiolabeled hFSH was eluted and quantitated after adjusting for nonspecific binding. Cells were then lysed, and cell-associated radiolabeled hormone was determined. A significant difference between mutant and WT cell-associated CPM is indicated (*unpaired t-test, P , 0.0001). Experiments were performed five times in triplicate. d) Effect of D550A mutation on FSH induced cAMP production in transfected 293T cells. 293T cells were transfected with equal amounts of hFSHR-D550A or WT-hFSHR. Forty-eight hours later, cells were treated with IBMX for 15 min and were stimulated with hFSH for 1 h. Total cAMP (secreted as well as intracellular) was measured by radioimmunoassay. B max for hFSHR-D550A was 46 946 6 4590 fmol per 100 ll of medium, and B max for WT-hFSHR was 153 065 6 9194 fmol per 100 ll. Fig. 1b) . The 85-kDa form of FSHR is the fraction of cellular FSHR that is expressed at the cell surface [45] . Because 125 I-hFSH is internalized when live cells are used in radioreceptor assays conducted at 378C, it was important to analyze not only 125 I-hFSH cell surface binding but also cell-associated (internalized) 125 I-hFSH. Thus, HEK-293T cells were transfected with equal amounts of either hFSHR-D550A-encoding or WT-hFSHR-encoding plasmids, and cell surface and cell-associated 125 I-hFSH was determined. Although WT-hFSHR bound higher levels of surface 125 IhFSH than did hFSHR-D550A, the level of internalized, cellassociated 125 I-hFSH was significantly higher in hFSHR-D550A transfected HEK-293T cells (*unpaired t-test, P , 0.0001) than that detected in WT-hFSHR transfected cells (Fig.  1c) .
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In addition, an hFSHR-D550G mutation was created to compare the naturally occurring mutation with the hFSHR-D550A mutation. Interestingly, hFSHR-D550G transfected cells display the same pattern of increased cellular accumulation of 125 I-hFSH as cells transiently transfected with hFSHR-D550A (Fig. 1c) . When stimulated with FSH, hFSHR-D550A transfected cells produced maximal levels of cAMP that were approximately 70% lower than those produced by WT-hFSHR transfected cells (Fig. 1d) , in spite of the more modest reduction in surface expression (approximately 37%; Fig. 1b) . Similar results were observed with hFSHR-D550G transfected cells (Fig. 2a) . The naturally occurring mutation (hFSHR-D550G) that has been described in a hypophysectomized male with normal gonadal function was reported to result in constitutive activation of the FSHR [46] . In that study, basal but not FSHstimulated cAMP levels were elevated in hFSHR-D550G compared with WT-FSHR. In the present study, total cAMP levels in hFSHR-D550A transfected, hFSHR-D550G transfected, and WT-hFSHR transfected cells exhibited no significant differences prior to hFSH stimulation; neither the hFSHR-D550A nor hFSHR-D550G forms of receptor resulted in detectable constitutive activation (Fig. 2b) .
Evaluation of CK2a Interaction with hFSHR-D550A
Because basic residues on CK2a undergo electrostatic interactions with the target protein, it was anticipated that modification of that site would abrogate CK2-FSHR interactions. To test the hypothesis that aspartic acid 550 is essential for the interaction of CK2 with hFSHR a coimmunoprecipitation experiment was carried out. Thus, 293T cells were cotransfected with CK2a-HA and either hFSHR-D550A or WT-hFSHR. After 48 h, cells were treated with 100 ng/ml hFSH or an equivalent amount of medium and allowed to incubate at 378C for 1 h. Cell monolayers were washed, and cell lysates were prepared.
Both forms of receptor were efficiently precipitated (IP: anti-FSHR) and detected (IB: anti-FSHR) with monoclonal antibody anti-hFSHR 106.105 (Supplemental Fig. S2, a and b) .
These results indicate that the aspartic acid at position 550 in the hFSHR CK2 consensus sequence on iL3 either is not required for hFSHR association with CK2a, or that the site is not a CK2a interaction site or is sterically hindered.
It was desirable to verify this finding mindful of the fact that CK2 has two modes of action: binding as well as catalytic activity. A very specific inhibitor of CK2, TBCA [47] , was used to determine whether treatment would result in accumulation of 125 I-hFSH in cells expressing WT-hFSHR. The results demonstrate that there is no effect of the CK2 inhibitor on accumulation of 125 I-hFSH (Fig. 3) .
Determination Whether Increased Cell-Associated 125 I-hFSH Requires Internalization
It was possible that the binding of 125 I-hFSH to hFSHR-D550A and hFSHR-D550G was irreversible and acid elution did not remove the cell surface radiolabeled hormone, giving an appearance of increased intracellular accumulation. If so, then it would dismiss the possibility that the rate of internalization of the mutant hFSHR was greater than WT FSHR. This possibility was tested in two ways: one using sucrose inhibition of internalization, and the other using a dominant-negative form of dynamin. Hypertonic sucrose is commonly used to destabilize clathrin-coated pits and inhibit clathrin-mediated endocytosis [48] . Thus, transfected cells were preincubated with 0.45 M sucrose for 30 min, and then 125 I-hFSH was added to the medium for 1 h; surface-bound labeled hormone was then eluted and quantitated. Cells were subsequently lysed in 2 N NaOH, and cell-associated radiolabeled FSH was determined (Fig. 4a) .
Despite reduced surface binding (2.43 for hFSHR-D550A and 3.23 less for WT-hFSHR) in the presence of sucrose, a substantial inhibition of internalization was demonstrated in both hFSHR-D550A (97%) and WT-hFSHR (85%), indicating that internalization is predominantly due to clathrin-mediated endocytosis. Moreover, it was clear that internalization (cell- CK2 CONSENSUS SEQUENCE IN FSHR associated radioactivity) was required for the increased cellular accumulation of 125 I-hFSH to be manifested. Dynamin is required for endocytosis and is primarily involved in scission of newly formed vesicles (e.g., clathrincoated vesicles). A dominant-negative dynamin [43] , K44A, has previously been used to inhibit receptor internalization. When K44A is cotransfected with D550A or WT hFSHR, a significant decrease (P , 0.05) in cell-associated CPM is observed (Fig. 4b) . That result further corroborates the findings with sucrose inhibition of 125 I-hFSH internalization. Taken together, the data firmly demonstrate that increased cellular accumulation of 125 I-hFSH is dependent on active internalization, which is associated with vesicle formation.
Comparison of Internalization of hFSHR-D550A and WT-hFSHR under Nonequilibrium and Equilibrium Conditions
Increased cellular accumulation of 125 I-hFSH could be due to an increase in the rate of internalization of hFSHR-D550A compared with WT-hFSHR. When 125 I-hFSH surface binding and internalization at 378C were measured in hFSHR-D550A transfected or WT-hFSHR transfected cells under nonequilibrium conditions, hFSHR-D550A surface binding reached a relative maximum within 5 min and increased only slightly, whereas the WT-hFSHR-bound 125 I-hFSH level continued to increase over the course of the 50 min (Fig. 5a ). This finding is consistent with a higher level of expression of the mature form of WT-hFSHR compared with hFSHR-D550A. Higher levels of 125 I-hFSH accumulated in mutant transfected cells over time than in WT transfected cells, suggesting that the internalization rate was greater for hFSHR-D550A than for WT-hFSHR (Fig.   FIG. 3 . Effects of CK2 inhibition on cell surface binding and internalization of 125 I-hFSH. HEK-293T cells were transfected with WT-hFSHR. Fortyeight hours later, cells were incubated with TBCA (10 lM) for 1 h, and after subsequent incubation with 125 I-hFSH (with or without TBCA), surface binding to 125 I-hFSH was analyzed. Free hormone was removed, and cellassociated 125 I-hFSH was measured as described in Materials and Methods. The presence of TBCA had no effect on surface binding or internalization of IhFSH and cell-associated 125 I-hFSH were determined as described in Materials and Methods. b) Dominant-negative dynamin inhibits internalization of hFSHR-D550A and WT-hFSHR. To further determine whether cell-associated 125 I-hFSH is due to vesicle-mediated internalization, 293T cells were cotransfected with dominant-negative dynamin (K44A) and either WT-hFSHR or hFSHR-D550A. After incubation with hormone for 1 h, surface 125 I-hFSH and cell-associated 125 I-hFSH were determined as described in Materials and Methods. 1158 5b). However, this observation could also be caused by a failure to degrade and excrete internalized 125 I-hFSH. Therefore, the disappearance of 125 I-hFSH from the cell membrane was determined following equilibrium binding.
In order to determine whether accumulation of 125 I-hFSH in cells expressing hFSHR-D550A was due to an increase in internalization rate, the rate of disappearance of receptor from the cell surface was analyzed following equilibrium binding at 378C. Cells transfected with either WT or mutant FSHR were allowed to bind radiolabeled hormone for 1 h. After 1 h, medium containing unbound radiolabeled hormone was removed and replaced with fresh medium. Levels of surface and cell-associated radiolabeled hormone were determined at the indicated times (Fig. 6 ). Surface and cell-associated levels of hFSHR-D550A-bound 125 I-hFSH remained essentially unchanged over the 120-min period, whereas surface levels of WT-hFSHR-bound 125 I-hFSH decreased approximately 50% within 30 min of 125 I-hFSH removal and remained relatively unchanged thereafter (Fig. 6a) . As expected, total cell-associated levels of 125 I-hFSH were significantly higher in hFSHR-D550A transfected than in WT-hFSHR transfected cells (Fig. 6b) . However, the levels of cell-associated 125 IhFSH remained unchanged in transfected cells expressing either form of the receptor, preventing assessment of clearance rates following equilibrium binding.
Increased cellular accumulation of FSH in hFSHR-D550A transfected cells may be due to a defect in endosome-lysosome shuttling. In order to test the hypothesis that internalized 125 IhFSH-hFSHR-D550A complexes are not being transported to lysosomes and degraded, a pulse-chase experiment was performed. It is important to consider both the surface-bound receptor complex as well as complexes released into the media for recycling and degradation analysis; therefore, TCA was used to precipitate nondegraded 125 I-hFSH from the medium. 125 I-hFSH binding was allowed to proceed for 1 h; medium was then removed, cell layers were washed to remove residual labeled hormone, and surface and cell-associated 125 I-hFSH levels were measured as before. Cell-associated levels after 60 min (t ¼ 0) are used as baseline values against which subsequent measurements are normalized (initial CPM internalized in Fig. 7 ). At t ¼ 0, cells were incubated with an excess (1 lg) of unlabeled hFSH for 2 h more. At various time points during the 2-h incubation, medium was removed and saved for TCA analysis, and surface and cell-associated levels of 125 IhFSH were determined. In this manner, it was possible to determine the relative levels of total recycled 125 I-hFSH (the sum of TCA-insoluble radioactivity in the medium and surfacebound radioactivity; Fig. 7a ) and degraded (TCA-soluble radioactivity in the medium; Fig. 7b ). Human FSHR-D550A transfected cells appear to recycle internalized 125 I-hFSH as efficiently as WT-hFSHR transfected cells after 120 min (19% and 23%, respectively; Fig. 7a ). Human FSHR-D550A transfected 293T cells do not degrade and export internalized hormone as efficiently as WT-hFSHR transfected cells. At the end of the 120-min incubation, only 25% of internalized 125 IhFSH was degraded and released in hFSHR-D550A transfected cells, compared with 62% of internalized 125 I-hFSH in the WThFSHR transfected cells (Fig. 7b) . Thus, the mutation hFSHR-D550A results in deficient degradation of 125 I-hFSH. Not surprisingly, ;52% of 125 I-hFSH remained in hFSHR-D550A transfected cells, compared with ;29% of initially internalized 125 I-hFSH in WT-hFSHR transfected cells (Fig. 7, c and d, cell  associated) . In contrast, disappearance of 125 I-hFSH from the cell surface was similar for both receptor types (Fig. 7, c and d , surface-eluted radioactivity).
To confirm this biochemical finding, confocal microscopy was used to visualize hFSHR and FSH in cells following equilibrium binding. HEK-293T cells were transiently transfected with either hFSHR-D550A or WT-hFSHR, then incubated with 1 lg of scFSH-Alexa 488 for 1 h at 378C, 5% CO 2 . Cells were then fixed, permeabilized, and probed for total FSHR using monoclonal anti-FSHR-Alexa 555. Prior to addition of scFSH, hFSHR-D550A and WT-hFSHR are apparent both at the surface membrane and internally, presumably on the surface of the endoplasmic reticulum (ER) surrounding the nucleus and also on the ER distributed throughout the cytoplasm (Fig. 8a) . After 1 h, hFSHR-D550A transfected cells demonstrate discrete accumulations of scFSH-Alexa 488 within the cytoplasm that are near but distinct from the plasma membrane (Fig. 8b) . In contrast, WThFSHR transfected cells appear to lack these discrete accumulations, and most scFSH-488 appears to be localized to the plasma membrane (Fig. 8c) . Not surprisingly, surface binding of scFSH-Alexa 488 after 1 h is visibly reduced in hFSHR-D550A compared with WT-hFSHR transfected cells. Indeed, it is difficult to distinguish distinct surface scFSH and hFSHR-D550A costaining at the cell membrane (Fig. 8b,  merge) , whereas clear overlap is apparent between scFSH and WT-hFSHR at the surface membrane (Fig. 8c, merge) .
DISCUSSION
Interest in the CK2 consensus site (residues 547 SSSD 550 ) in iL3 of the human FSHR was engendered because the kinase activity of CK2 has been implicated in GPCR receptor phosphorylation [33] , clathrin-mediated endocytosis [31] , phosphorylation of b-arrestin [30] , endocytic trafficking [49] , IhFSH for 1 h at 378C. After 1 h, free hormone was removed and was replaced with medium without hormone. Surface-bound radiolabeled hFSH (a) and cell-associated radiolabeled hFSH (b) were determined as described in Materials and Methods at the time points indicated.
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and regulation of exocytosis [50] . Kinase activity is not the sine qua non of CK2 interaction with target proteins because inactive CK2 has been shown to be associated with intact clathrin-coated vesicles. When clathrin dissociates, CK2 again becomes active. CK2-mediated phosphorylation of arrestin-3 is in part responsible for internalization of the b 2 -adrenergic receptor [30] . However, specific inhibition of CK2 kinase activity in our hands did not recapitulate the accumulated internalized hormone phenotype of hFSHR-D550A, nor did it inhibit internalization. These results clearly demonstrate that CK2 kinase activity has no role in these functions of FSHR.
The naturally occurring mutation (D550G), also referred to as D567G, has been reported in a hypophysectomized male with normal spermatogenesis, despite undetectable levels of serum gonadotropin [28] . Transgenic mice generated harboring the D567G mutation (TgFSHR-D567G) or hFSHR (TgFSHR-WT) on a gonadotropin-deficient background have been evaluated [46] . In that study, cultured TgFSHR-D567G Sertoli cells showed higher levels of FSH-independent cAMP levels, but not FSH-dependent cAMP levels, compared with Sertoli cells from animals harboring the TgFSHR-WT transgene, reaffirming the constitutive active receptor phenotype.
In the present study, neither hFSHR-D550G nor hFSHR-D550A evidenced detectable constitutive second messenger cAMP activation (independent of FSH stimulation). This was not unexpected, because the original report of this mutation showed only a 1.5-fold increase in basal activity [28] .
Maximum FSH-induced cAMP production was 69% lower in hFSHR-D550A than in WT-hFSHR transfected cells. This effect is likely in part due to decreased cell surface hFSHR-D550A compared with WT-hFSHR; however, hFSHR-D550A surface expression was only 37% lower than WT-hFSHR in the same experiment (Fig. 1b) . As such, the data suggest that receptor recycling/localization is a novel regulatory mechanism for cAMP production/attenuation.
Mutation of aspartic acid to alanine (D550A) in hFSHR iL3 results in an increase in accumulation of internalized hormone that is caused by a decrease in hormone degradation but normal total recycling of the hormone or receptor/hormone complex (Fig. 7) . Less 125 I-hFSH is degraded and released from hFSHR-D550A transfected cells than from WT-hFSHR transfected cells, indicating that one or more degradation pathways are defective. Imaging studies (Fig. 8 ) support the biochemical findings demonstrating an accumulation of FSH in mutant cells (Fig. 7b) ; however, any bound hormone recycled and released into the medium will be lost and unaccounted for in imaging experiments. The only accurate assessment of recycling and degradation must include these data as in Figure  7 . The defect and deficiency could be due to flaws in sequencedirected trafficking of the internalized receptor to the lysosome for degradation, as has been demonstrated in a truncated LHR mutant (t682) that lacked recycling motifs normally found in the C-terminus [51] . The phenotype of D550A more closely resembles the phenotype of the constitutively active LHR CK2 CONSENSUS SEQUENCE IN FSHR mutant L457R [51] , where little degradation of internalized hormone is observed and where an increase in intracellular hormone is seen. In terms of recycling, the D550A mutant again resembles constitutively active L457R LHR. For both mutants, total hormone recycled (includes surface receptorbound hormone as well as hormone bound to receptor and released from the receptor into the medium, undegraded) is similar to the total recycling seen for the WT receptor. The LHR-L457R mutant is not trafficked to lysosomes for degradation, but rather remains in the endosome. Indeed, hFSHR-D550A transfected cells demonstrate accumulated scFSH in discrete areas within the cytoplasm that resemble vesicular structures and are lacking in WT-hFSHR transfected cells (Fig. 8) .
Although it is well documented that the fate of internalized GPCRs is determined to a large extent by sequences in the receptor C-terminal tail [52, 53] , the current findings are the first evidence that sequences located on iL3 of the hFSHR influence degradation and recycling of the internalized hormone-receptor complex. Previous C-tail truncation studies have identified the last eight residues of the rat FSHR and hFSHR in routing of the internalized hormone-receptor complex. In those studies, truncated FSHR evidenced a decrease in recycling with a concomitant increase in degradation [27] . Present results add to the above findings and indicate that total recycling of 125 I-hFSH (either complexed with receptor or alone) in hFSHR-D550A transfected cells is not altered from the WT-hFSHR process (Fig. 7a ), yet 125 I-hFSH accumulates and degradation is significantly reduced (Figs. 7b  and 8 ). This pattern implies that internalized FSH-hFSHR dissociates in endosomal compartments, and that FSH is routed to lysosomes for degradation, whereas the receptor is recycled to the cell surface. Such an inference contrasts with data indicating that the FSH-FSHR complex is predominantly recycled to the cell surface, at which dissociation of hormone and receptor occurs, with only small amounts of hormone and receptor being transported to the lysosome for degradation [27] .
Species-specific differences in LHR recycling have been reported. Complexes formed by human chorionic gonadotropin (hCG) and murine LHR are internalized and routed to lysosomes for degradation [54] , whereas hCG-hLHR is recycled back to the cell surface [51] . However, the differences in FSH-hFSHR trafficking between what we report here (FSH is predominantly degraded) and what was reported in the previous study (FSH is recycled bound to FSHR) do not arise from species-specific FSHR properties, given that both studies used hFSHR. Other parameters may affect recycling and degradation (such as the use of an myc-hFSHR in one system and not in another) or variation in cell surface receptor density; the latter parameter has been shown to affect aromatase expression [55] , and therefore could also influence trafficking mechanisms. In either case, both recycling and degradation are evident, but with varying degrees of efficiency.
Nonlysosomal degradation occurs in opioid receptors [56] . Although ubiquitination-proteasomal degradation is primarily considered to be a cytoplasmic protein degradation pathway, aberrant degradation could arise from defects in the ubiquitinmediated degradation pathway. FSHR iL3 is known to interact with ubiquitin [20] . Although iL3 itself is not ubiquitinated, FSHR is ubiquitinated, and proteasomal inhibitors increase cell surface residency of hFSHR [20] . Thus, one potential mechanism for the effects observed by substitution of D550 may in some way involve this pathway. Ubiquitination-defective mutants of beta-adrenergic receptors internalize normally but are instead retained in early endosomes, escaping lysosomal trafficking and degradation [57] . Ubiquitination, in addition to targeting proteins to the proteasome, has additional roles, including sorting of internalized receptors, and deubiquitinating proteases control endosomal trafficking, and perhaps signaling [58] . Mutation of D550 may cause a conformational change in hFSHR iL3, altering recognition of the receptor cytoplasmic domains during sorting and thereby compromising degradation of internalized FSH. It is not known whether internalized FSH continues to signal, as has been reported in other systems as persistent signaling [59] . Persistent intracellular cAMP, potentially resulting from this defect, could explain elevated basal (constitutive) signaling and would not be easily detectable with standard methods. This question will be the subject of future studies employing intracellular sensors of cAMP signaling.
